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Constructed on the west coast of Japan, the Kashiwazaki-Kariwa Nuclear Power Plant was 
strongly shaken by Mw 6.6 Niigata-ken Chuetsu-oki earthquake in 2007. Significant seismic 
settlements were observed in dry sand deposits at both the free-field site and around the power 
plant structure components. These total and differential settlements were reported to be the main 
reasons for water and oil leakage, which eventually led to flooding and fire. This study focuses on 
three-dimensional, soil-porewater pressure coupled numerical modeling of multi-directional shear 
and volumetric response of Service Hall free-field site and Arahama Site on which the reactor and 
turbine buildings, as well as the transformer house are located using a newly developed soil-
constitutive model in LS-DYNA. The Service Hall site consists of claystone overlain by loose 
sand whereas Arahama site has dense sand deposits on top of claystone. The comparison of 
measured and computed responses at the Service Hall vertical array site showed that the 
simulations captured the spectral responses. In addition, the simulation with multi-directional 
loading provided best estimates for seismic settlements and showed significant amount of 
settlements occurred in the dry sand deposits.  
The free-field model was then extended to three-dimensional soil-structure interaction 
(SSI) model to investigate the seismic response of soil under and adjacent the Unit 1 reactor and 
Unit 3 turbine buildings at Arahama Site. The soil-structure interaction models successfully 
captured the measured response spectra at the base of Unit 1 reactor building and the surface 
response around Unit 3 turbine building, which was significantly greater than the surface response 
calculated from the simplified free-field simulations. Computed seismic settlements at the ground 
surface adjacent to the reactor, turbine building, and transformer house were consistent with field 
observations of ground subsidence, whereas the settlements of the structures themselves were 
negligible. These results demonstrate that the developed three-dimensional simulations of seismic 
soil-structure interaction provide reliable estimates of the potential effects of differential 
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1.1 General Information and Project Location  
Kashiwazaki-Kariwa Nuclear Power Plant (KKNPP) on the west coastline of Japan was 
strongly shaken by the Mw 6.6 Niigata-ken Chuetsu-oki earthquake on July 16, 2007. The 
earthquake occurred at a depth of 9 km and a distance of 16 km northwest from the power plant. 
Related to the earthquake source, Miyake et al. (2010) reported fault planes with a strike of 34° 
and dips of 54° to the northwest and 36° to the southeast. There are three specific locations at the 
power plant site where downhole seismic arrays are installed: Arahama Site (Unit 1 – 4), Ominato 
Site (Unit 5-7), and Service Hall Site, as shown in Figure 1.1. Arahama and Ominato sites are 
where the critical structures such as reactor and turbine buildings are located whereas the Service 
Hall Site is considered as the free-field (having minimal structures) condition. As a general view 
of the geotechnical condition, the Service Hall Site is sitting on loose sand overlying claystone 
deposit whereas Arahama site is overlying dry compacted dense sand on top of claystone deposit. 
1.2 Geotechnical Problems and Objective of Study 
Tokimatsu (2008) reported that after the strong shaking happened in the site, KNPPP was 
shut down temporarily for inspections and maintenances due to the problem with structures and 
utilities. As summarized in Table 1.1 and Figure 1.2, the problems were mainly caused by the 
ground subsidence of dry natural loose sand deposits at the Service Hall free-field site and 
differential settlements of dry backfilled dense sand deposits and the structures at the Arahama 
Site. To estimate settlement in dry sand deposits, a number of researchers have conducted simple 
shear tests and multi-directional shake table tests for both clean and clayey sand samples to develop 
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empirical equations for estimating the vertical strain based on shear strain and the number of 
cycles. However, none of the previous studies incorporated the effect of the structures in evaluating 
the seismic settlements. To investigate the potential effects of the existence of structures and 
estimate differential settlements between soil and structure, this study utilizes numerical 
simulations with three-dimensional models for both free-field and soil-structure interaction cases. 
1.3 Layout of Study  
Following this introduction, a brief review of the previous Service Hall free-field case 
study at KKNPP is provided. Then, the description of geotechnical characterization, ground 
motions, and structural data available for the Service Hall and Arahama Site analyses are also 
reported. Furthermore, the numerical representations of KKNPP are also explained through the 
calibration of the constitutive model based on dynamic soil properties, proposed shear beam 
model, and 3-D soil-structure interaction (SSI) model. Finally, this thesis evaluates the 
performance of numerical simulation in capturing the shear and volumetric response at the free-
field case, which subsequently extended to the soil-structure interaction case to estimate shear 
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Figure 1.1: Map of: a) Japan; b) Kashiwazaki-Kariwa area showing location of KKNPP Site and Niigata-ken Chuetsu-oki earthquake; 
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Figure 1.2: Summary and field documentation of geotechnical problems at KKNPP Site: a) Kashiwazaki-Kariwa Nuclear Power Plant 
Site plan view; b) Free-field settlement; differential settlement induced (c) flood; d) water leakage/broken water pipe at Unit 1; (e) oil 
































2.1 Jensen Filtration Plant at California 
The Joseph Jensen Filtration Plant is located at Granada Hills of the San Fernando Valley, 
Southern California. The plant site was constructed using the cut-and-fill method with cuts up to 
100 ft (30 m) deep in the Saugus formation whereas the compacted fill used in the field was up to 
55 ft (17 m) deep overlying alluvial deposit with thickness ranged between 5 to 25 ft (1.5 m – 6 
m). The site was located adjacent to the upper part of Van Normal Lake which made the compacted 
fill deposit relatively dry because the water flowed in the alluvium layer. In early 1971, the Jensen 
Filtration Plant was struck by Mw 6.6 San Fernando earthquake which occurred at about 8 miles 
(13 km) northeast (San Gabriel Mountains) of the site. The earthquake was caused by the thrust 
faulting activity which showed an upward movement of the north block relative to the south block 
at an angle of about 45°.  
Based on the measured data in the field, it is shown that the recorded maximum horizontal 
acceleration on bedrock was about 0.5 to 0.6 g. Moreover, significant values of vertical 
acceleration data were reported about up to two-thirds of the horizontal acceleration. The San 
Fernando earthquake occurred during the advanced stage of the construction which caused 
significant ground and structure settlements up to 6 in (152 mm). Moreover, stations on the survey 
baseline (located between Mixing Basins and Control Building) was reported to have settlement 
and lateral displacement of 5 in (127 mm). The eastern part of Mixing Basins experienced a 
settlement of 5 in (127 mm) and lateral displacement of about 2 in (51 mm). The summary of 
settlements and lateral displacements occurred in the site was provided in Figure 2.1. Pyke et al. 
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(1975) reported values of 3.5 to 4 in (89 to 102 mm) of settlements purely caused by compaction 
or compression at the survey baseline location (in the range of 0.5% to 1% of the soil thickness). 
Silver and Seed (1971) performed a series of simple cyclic shear tests which showed that 
the settlement of dry sand deposit depends on the relative density of soil, the magnitude of the 
cyclic shear strain, and the number of historical strain cycles as provided in Figure 2.2a and Figure 
2.2b. Moreover, for given values of densities and number of cycles, the settlement is highly 
affected by cyclic shear strains whereas it is independent of the vertical stresses. Furthermore, 
based on the findings, Seed and Silver (1972) suggested a procedure to estimate the settlement 
based on response analysis of dry sand profile which assumed one-dimensional wave propagation. 
The Shear strain for each layer was computed and the vertical strain can be estimated from an 
equivalent number of uniform strain cycles based on cyclic simple shear tests. Therefore, the 
settlement that occurred on the surface of the sand deposit can be computed by integrating all the 
strains along the depths.  
Pyke et al. (1975) conducted further study and found that multi-directional loading 
produced a greater magnitude of settlement compared to the unidirectional loading acting 
separately. The analysis was conducted using the procedure suggested by Seed and Silver (1972) 
and a series of strain-controlled cyclic simple shear tests on the compacted clayey sand fill from 
the field. The testing results showed an equivalent number of uniform shear strain cycles which 
approximately two-thirds of maximum values produced an underestimation of settlement 
prediction by one-third compared to the observed settlement. In the actual earthquake condition, 
the soil was subjected to multidirectional shaking rather than unidirectional loading. To investigate 
the multi-directional loading, Pyke et al. (1975) performed multi-directional shake table tests and 
reported that the total settlement caused by the combination of horizontal motions are equal to the 
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sum of settlement caused by the horizontal motions acting separately. Furthermore, the vertical 
motion was also combined with the horizontal motions which showed an increase of computed 
settlements in the range of 20% to 50% for vertical acceleration ranging from 0.15 to 0.3g. The 
effect of multi-directional loading to the magnitude of settlement is shown in Figure 2.3. 
Since the previous study required site response analysis to evaluate the settlement, 
Tokimatsu and Seed (1987) proposed a simplified procedure to calculate the vertical strain in the 
dry sand deposit. The procedure is utilized by estimating the volumetric strain from effective shear 
strain induced at various depths of the soil profile. The effective shear strain (γeff) is calculated 
















Where Gmax is the small strain shear modulus, Geff is the effective shear modulus at the 
induced strain level, and τav is the average cyclic shear stress at selected depths which evaluated 





 =     (2.2) 
The volumetric strain can be estimated using the effective shear strain profile with a 
correction factor based on the Mw of 7.5 and the effect of bi-directional loading. The settlement 
results using the simplified procedure have a good agreement with the calculation performed by 
Seed and Silver (1972) for the San Fernando Earthquake case as shown in Figure 2.4. 
2.2 Two Sites in Santa Clarita at California 
In 1994, the Northridge earthquake with Mw 6.7 occurred in the California area which 
caused seismic settlements observed at two sites (Site A and B) in Santa Clarita. Stewart et al. 
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(2004) reported that the soil profile of Site A consisted of 20-m deep silty sandy clay or clayey 
silty sand fill overlying 12-m deep of alluvium deposit and claystone as provided in Figure 2.5. 
The fill material was compacted to approximately 88% modified proctor relative compaction and 
no groundwater table was encountered in the fill or alluvium material. On the other hand, Site B 
consisted of silty sand fill up to 30 m thickness underlaid by Saugus formation as provided in 
Figure 2.6. The fill material was compacted to the values of modified proctor relative compaction 
about 92-93% near the ground surface and about 95% at the deeper depth.  
As an impact of the ground shaking, the field observation showed the magnitude of 
settlements up to 21 cm at Site A (peak horizontal acceleration of 0.5 to 0.7 g) whereas at Site B 
ranged between 1.5 to 6.1 cm (peak horizontal acceleration of 0.8 to 1.2 g). To estimate seismic 
settlement in this study, Stewart et al. (2004) used the similar analysis to Pyke et al. (1975) because 
the simplified procedure from Tokimatsu and Seed (1987) was developed for clean sand and was 
not appropriate to be utilized in the sand with a significant amount of fines content. This study 
involved both one-dimensional and two-dimensional site response analyses to evaluate the shear 
strain profile in the soil deposits.  
Furthermore, the volumetric strain was calculated based on the relationship with shear 
strain using material-specific models derived from simple shear tests which accounted the effect 
of fines content and compacted density as shown in Figure 2.7 for Site A and Figure 2.8 for Site 
B. Therefore, the vertical strains were computed over the height of the fill material to estimate the 
magnitude of the seismic settlements. Stewart et al. (2004) showed that the computed results gave 




2.3 Free-Field Case of Service Hall of KKNPP at Japan 
The seismic settlement of the Service Hall free-field case at Kashiwazaki-Kariwa Nuclear 
Power Plant (KKNPP) was previously studied by Yee et al. (2011). Yee et al. (2011) estimated the 
settlement in dry sand deposits by calculating effective vertical strain based on effective shear 
strain derived from ground response analysis. The site response analysis was conducted using 
equivalent linear (EQL) and nonlinear (NL) analyses with input motions assigned at a depth of 
99.4 m (claystone layer) and rigid base assumption below this elevation. The analysis utilized 
hyperbolic backbone curves or modulus reduction formulation from DEEPSOIL and fitting 
coefficients from Darendeli (2001) and Zhang et al. (2005) by using small strain shear modulus 
(Gmax) and pseudo-reference strains (γr) as input parameters. Initially, the pseudo-reference strains 
along the soil profile were defined from the fitting curve based on resonant column-torsional shear 
tests (RCTS), Menq (2003) correlation for dry and saturated sand deposits, and Darendeli (2001) 
correlation for claystone deposits as shown in Figure 2.11.  
As the preliminary ground response analysis, the dynamic parameters were tested using 
aftershock ground motions for both EQL and NL analyses to avoid the complexity of highly 
nonlinear soil behavior and modulus reduction effects at large strains. The results showed an 
overestimation of shear response at a depth of 2.4 m, which led to an underestimation of damping 
ratios from laboratory tests. Accordingly, the analyses were repeated by increasing small strain 
damping (Dmin) to the values of 2% and 5%, which gave a better agreement with recorded data. 
Furthermore, the analyses were extended using main shock data, which showed a saturation effect 
as evidence of the poor performance of EQL and unrealistic strain localization in large strain. Yee 
et al. (2011) explained that the unrealistic strain localization problem at 50.8 m depth was caused 
by the underestimation of shear strength and backbone curves formulation.  
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To adjust the shear strength at large strain, the single hyperbolic backbone curves were 
modified using multiple hyperbolic formulations with consideration of user-specified transitional 
shear strain (γ1) in DEEPSOIL. The result showed that the strain localization problem was solved; 
both NL and EQL analyses overestimated the shear response at shallow depths; and NL analysis 
better captured the high-frequency energy content than EQL analysis. Furthermore, NL sensitivity 
analyses in DEEPSOIL using Dmin values of 2%, 5%, and 10% were conducted to solve 
overestimation response at shallow depths, which showed that Dmin of 5% performed reasonably 
well. Therefore, vertical strain profile was calculated based on effective shear strain profile derived 
using strength and damping (Dmin = 5%) adjustment referring to equation (2.3): 
( )( ),( ) ( ) ( )
b
v eff tv Nz a K z z C   =  −   (2.3) 
Where ( )eff z was taken from 65% of maximum shear strain calculated from ground 
response analysis, parameters a and b were regressed from simple shear tests, overburden 
correction term 
, ( )K z  and effect of the number of loading cycles NC  were derived from Duku 
et al. (2008). In estimating settlement, the multi-directional loading effect from Pyke et al. (1975) 
was taken into account by summing the settlement calculated from all horizontal unidirectional 
loading and increasing the magnitude by 20% - 50% for vertical accelerations between 0.15 to 0.3 
g. Yee et al. (2011) reported a settlement calculation of 12 to 18 cm for loose sand with DR of 40%, 







Figure 2.1: Cross-section of the project site and summary of observed settlements occurred at 
Jensen Filtration Plant (Pyke et al., 1975) 
 
  
Figure 2.2: Relationship between a) Volumetric strain and shear strain for dry sands; b)Volumetric 






Figure 2.3: Comparison of seismic settlements under a) Uni-directional vs Bi-directional loading 
at horizontal directions; b) Multi-directional loading or three-dimensional shake table tests (Pyke 
et al., 1975) 
 
 
Figure 2.4: Comparison of settlements calculation from the simplified procedure by Tokimatsu 




Figure 2.5: Cross-section of the soil profile at Site A, Santa Clarita (Stewart et al., 2004) 
 
 





Figure 2.7: Relationship between shear strain, volumetric strain, and number of cycles for sand 
with fines content from Site A (Stewart et al., 2004) 
 
 
Figure 2.8: Relationship between shear strain, volumetric strain, and number of cycles for sand 





Figure 2.9: Calculation of shear strain profile and comparison of measured and computed seismic 
settlement occurred at Site A (Stewart et al., 2004) 
 
Figure 2.10: Calculation of shear strain profile and comparison of measured and computed seismic 




Figure 2.11: Pseudo reference strain profile used for analysis as a function of effective confining 
pressure (Yee et al., 2011) 
 
Figure 2.12: Calculation of effective strain and vertical strain profile to estimate seismic 




GEOTECHNICAL AND STRUCTURAL INFORMATION AT KKNPP 
3.1 Soil Characterization at Service Hall 
To define the geotechnical characterization in the free-field site, the Service Hall location, 
the geological study of Kashiwazaki-Kariwa, field investigation, and a set of laboratory tests were 
conducted by Tokimatsu (2008) and Yee et al. (2011). 
3.1.1 Geological Setting of Kashiwazaki-Kariwa 
The geological setting of Kashiwazaki-Kariwa shows that the area is developed in the 
Kashiwazaki plain and located on a coastal area, as explained by Tokimatsu (2008). The 
Kazhiwazaki plain consists of the Holocene alluvial deposit, which is formed by materials and 
substances carried by U and Sabaishi rivers and tributaries. The Arahama sand dune, which is a 
part of alluvial deposits, is generally concentrated alongside the coastline area and the location of 
the Kashiwazaki-Kariwa Nuclear Power Plant. Moreover, the sand deposit (Holocene, Banjin, and 
Yasuda formation) thickness increases from the southwest area (Kashiwazaki City) to the northeast 
area (Kariwa Village) because of the increase of plateau altitude. In general, the sand deposits 
consistently overlie the claystone layers (Nishiyama and Shiiya formation). 
3.1.2 Soil Profile and Properties at Service Hall 
To define the soil profile and properties at Service Hall, Yee et al. (2011) conducted field 
investigations such as rotary wash boring, SPT split spoon sampler, triple-barrel pitcher sampler 
for undisturbed samples, and laboratory tests including grain size distribution, Atterberg Limits, 
and unit weight. Based on the soil investigation data, Tokimatsu and Sugimoto (2008) reported 
that Service Hall soil profile consists of 84-m-deep sand layer (New sand dune, Banjin, and Yasuda 
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Formation) on top of 166-m-deep claystone layer (Nishiyama Formation), and the groundwater 
table is located at depth of 45 m. The information of soil properties of the Service Hall site is 
summarized in Table 3.1.  
The Holocene and Pleistocene sands are classified as poorly graded sands with the 
coefficient of uniformity (Cu) of 2.54, which was calculated based on D10 and D60 values from 
Mitchell et al. (1978). Relative density (DR) of the sand is estimated using shallow frozen samples 
and bulk samples based on maximum and minimum void ratio, unit weight, and specific gravity 
(Gs). Furthermore, the permeability of loose sand is calculated using the equation from Hazen 
(1892) based on D10 whereas permeability of claystone is derived based on laboratory testing data 
from Kitajima and Saffer (2014). 
3.2 Ground Motions at Service Hall Array 
Niigata-ken Chuetsu-oki ground motions were recorded using accelerometers owned by 
the Tokyo Electric Power Company. Yee et al. (2011) reported that three sets of free-field 
downhole seismic arrays were installed at Arahama Site (Unit 1 – 4), Ominato Site (Unit 5 – 7), 
and Service hall. However, the recorded mainshock data from the Arahama and Ominato sites 
were both overwritten with aftershock data, and only peak ground accelerations remain. 
Consequently, the only available ground motion for both free-field and soil-structure interaction 
analyses was used from the Service Hall Array (SHA) data, which was provided in the PEER 
NGA-West2 Database (Ancheta et al., 2013). Tokimatsu and Sugimoto (2008) reported that 
Service Hall Array consisted of four accelerometers installed at depths of 2.4 m (Holocene dune 
sand), 50.8 m (Pleistocene sand – Banjin formation), 99.4 m, and 250 m (Claystone - Nishiyama 
formation), which recorded two horizontal components and one vertical component at each depth.  
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Two horizontal components of the mainshock, which had orientations on the normal 
direction (East-West – Fault Normal) and parallel direction (North-South – Fault Parallel) to the 
fault strike at a depth of 250 m, were utilized as input motions in the simulations. The 
characteristics of the input motions such as the distance of the rupture, peak ground accelerations 
(PGAs), predominant periods (Tp), and significant duration (D5-95) are summarized in Table 3.2. 
In addition, the acceleration time history and spectral acceleration of input motions are provided 
in Figure 3.1. On the other hand, the horizontal components at other depths (2.4 m, 50.8 m, and 
99.4 m) are used to calibrate the numerical simulation in the free-field case. 
3.3 Soil Profile and Properties at Arahama Site (Unit 1 and 3) 
As shown in Figure 1.1c, the Arahama Site has 1.5 km distance and 60 m lower elevation 
difference from the Service Hall location, which affects the thickness of the sand deposit. 
Tokimatsu (2008) reported that the initial soil profile at Arahama Site consisted of a 166-m-deep 
claystone layer (Nishiyama Formation) underlying 25-m-deep sand layer (new dune sand). Sakai 
et al. (2009) stated that the natural sand deposit was removed and replaced by 25-m-deep 
compacted dense and dry sand layer (relative density of 80%) with a groundwater level located at 
the boundary between sand and claystone layer because of the sub-drainage or collecting pipes 
installed around buildings. To investigate the soil properties, exploratory borings near the reactor 
buildings were conducted including SPT, P-S logging, and undisturbed soil samplings, which were 
used for the laboratory tests to measure grain size, water content, density, maximum and minimum 
dry density. Similar to the Service Hall sand deposit, the Arahama sand is also classified as poorly 
graded sand with the coefficient of uniformity (Cu) of 3.75. In addition, other soil properties at 




3.4 Structural Data at Arahama Site (Unit 1 and 3) 
As shown in Figure 3.2, this thesis involved a total of three structures for soil-structure 
interaction analyses based on the description from Sakai et al. (2009) and TEPCO (2007). The 
Unit 1 Reactor Building was mostly built on concrete material with dimensions of 90 x 90 x 75 m 
(length x width x height, L x W x H). Approximately 60% of the height of the structure was 
embedded in the ground and sitting on the claystone layer. Moreover, bearing pressure around 566 
kPa of the Reactor Building was distributed into the underlying claystone by mat foundation. On 
the other part of the Arahama Site, the Unit 3 Turbine Building was also constructed mostly using 
concrete material with dimensions of 100 x 55 x 75 m (L x W x H). This building had a basement 
with a total depth of 25 m (30% of the total height) embedded in the sand layer. The total bearing 
pressure of 172 kPa of the structure was transferred to the claystone layer underlying the structure 
via mat foundation. In contrast, the transformer house was constructed using steel material and has 
dimensions of 55 x 5 x 4 m (L x W x H). Based on Sakai et al. (2009),  the group pile foundations 
were chosen as the support systems at the base of the transformer house to transfer the load into 
the claystone deposits. In addition, Turbine Building and Transformer House were connected by 




Tables and Figures 
Table 3.1: Soil properties at Service Hall and Arahama Site for analysis 
Properties Unit Sand Claystone 
 Service Hall Arahama Site 
Specific Gravity, Gs - 2.74 2.69 - 
Saturated unit weight, γsat kN/m
3 17.75 - 20.8 
Wet unit weight, γm kN/m
3 - 18.64 - 
Minimum void ratio, emin - 0.538 0.592 - 
Maximum void ratio, emax - 0.930 1.038 - 
Void ratio, e - 0.773 0.681 - 
Relative density, DR  % 40 80 - 
D10 mm 0.13 0.08 - 
D50 mm 0.25 0.24 - 
D60 mm 0.33 0.30 - 
Coefficient of Uniformity, Cu - 2.55 3.75 - 
Permeability, k cm/s 1.69 x 10-2 6.4 x 10-3 1.32 x 10-10 
 
Table 3.2: Input ground motions characteristic for 2007 Niigata-ken Chuetsu-oki earthquake 










Main Shock East West – Fault Normal 6.6 16 0.74 2.98 2.52 6.70 






Figure 3.1: Two horizontal components of ground motions recorded at Service Hall Array (Depth 
of 250 m) as input motions for analyses from PEER NGA-West2 Database (Ancheta et al., 2013)
Arahama Site  
(Unit 1-4)











Figure 3.2: Summary of structural information of Unit 1 and 3 (Arahama Site) at the Kashiwazaki-Kariwa Nuclear Power Plant for  the 
soil-structure interaction analyses (Sakai et al., 2009; TEPCO, 2007) 
Unit 1  
Reactor Building  
(Arahama Site)
B
Unit 3  
Turbine Building  
(Arahama Site)



































NUMERICAL REPRESENTATION OF KKNPP 
4.1 Dynamic Soil Properties 
Shear wave velocity (Vs) is an important parameter to develop normalized shear modulus 
reduction (G/Gmax), hysteretic damping, and shear stress (τ) – shear strain (γ) backbone curves for 
dynamic analysis. The summary of friction angle and shear wave velocity profiles used for 
dynamic analysis are provided in Figure 4.1 and Figure 4.2. The correlations from Bolton (1986) 
for sand and a set of triaxial tests for claystone from Hoshino et al. (1972) were used to calculate 
and develop friction angle (φ’) profile for both locations. Shear wave velocity profile was 
developed based on the P-S logging data from Yee et al. (2011) and Sakai et al. (2009) for sand 
deposits and TEPCO (2007) for claystone deposits. The small strain shear modulus (Gmax) was 
calculated based on equation (4.1): 
2
max sG V=  (4.1) 
where ρ is the soil density and Vs is the shear wave velocity of soil. The piecewise linear 
backbone curves with 30 shear stress (τ) – shear strain (γ) points at corresponding reference 
effective mean stress for the soil constitutive model were derived from the normalized shear 







 =  (4.2) 
The empirical curve and formulation developed by Darendeli (2001) were utilized to create 
target G/Gmax and damping curves for the non-Masing rule for both loose (DR of 40%) and dense 
(DR of 80%) sand, and claystone, using input parameters provided in Table 4.1. The plasticity 
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index (PI) for claystone was defined based on Atterberg Limit tests from Yee et al. (2011). The 
overconsolidation ratio (OCR) used for claystone was derived from consolidation testing data 
based on Kitajima and Saffer (2014). Moreover, OCR = 1 for loose sand was chosen based on 
normally consolidated assumption and OCR =3 was used for dense sand.  
To calculate the coefficient at rest (Ko), the empirical equation from Jaky (1944) was used 
for loose sand whereas the equation derived by Sherif et al. (1984) and Terzaghi et al. (1996) was 
used for dense sand. In addition, the Ko for claystone was calculated using the equation from 
Mayne and Kulhawy (1982), which incorporated the OCR value. Hashash et al. (2010) reported 
that in the general cases, the normalized shear modulus reduction curves from Darendeli (2001) 
underestimated or overestimated the soil shear strength at large strains. To control the soil shear 
strength at large strains, Groholski et al. (2016) suggested to implement the general 
quadratic/hyperbolic (GQ/H) model in DEEPSOIL V.7.0 software (Hashash et al., 2017) with 
target shear strength formulation from equation (4.3): 
' ' '
max tanvc  = +  (4.3) 
Where c’ is the cohesion of soil with a suggested value of 10 MPa based on triaxial tests 
of claystone from Hoshino et al. (1972), σ’v is the effective vertical stress, and φ’ is the target 
mobilized friction angle. In addition, Phillips and Hashash (2009) suggested the reduction factor 
(MRDF) to follow the non-Masing rule because Darendeli (2001) correlation caused 
overestimation in hysteretic damping curves for extended Masing rule. Overall, the fitting curves 
of G/Gmax, hysteretic damping, and backbone curves for sand and claystone deposits are 
summarized in Figure 4.3 and Figure 4.4, which give a very good agreement with reference curves. 
Although the fitting curves showed an underestimation in modulus reduction curves and 
overestimation in damping curves for shear strain magnitude greater than 0.1% in claystone 
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deposits, the shear strains level generated in the analyses barely exceed 0.1% (the maximum 
exceeding value is 0.11%) as reported in Figure 4.5. Therefore, the fitting curves of modulus 
reduction and damping curves for claystone based on Darendeli (2001) are still acceptable to be 
utilized in the analyses. 
4.2 Soil Constitutive Model 
The simulations are conducted using I-soil constitutive model, which is a three-
dimensional (3-D) effective stress soil model. The constitutive model represents small strain 
nonlinearity including normalized modulus reduction, hysteretic damping, shear-induced 
volumetric behavior in terms of strains and excess pore water pressures, and effective mean stress-
dependent stiffness behavior. The model is developed based on a distributed element plasticity 
framework introduced by Iwan (1967), Chiang and Beck (1994) whereby 30 number of nested 
elastic - perfectly plastic components are superimposed to obtain shear stress-strain relationship. 
Every yield criterion of the nested component is derived based on Drucker-Prager type conical 
yield surfaces. Both Masing and non-Masing type un/reloading can be utilized using I-soil in 3-D 
stress space via generalized hysteresis model proposed by Numanoglu et al. (2017). The hysteresis 
formulation refers to the un/reloading rules developed by Phillips and Hashash (2009) in which 














= − − 
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 (4.4) 
where p1, p2, and p3 are non-dimensional parameters to produce the best fit with the target 
damping curve. I-soil extends the MRDF model to 3-D and reproduces user-defined normalized 
modulus reduction and damping curves. The dependent relationship between shear modulus and 
















where Go,ref is the shear modulus at a given reference effective mean stress (σ’ref), σ’0 is the 














and b is the model coefficient representing the dependence of shear modulus to effective 
mean stress. Referring to stress dilatancy theory from Rowe (1962) and invariant form suggested 




v dsr qd A d   = −  (4.7) 
where A0 is the coefficient determining the rate of shear-induced volumetric strains, η is 
the stress ratio (deviatoric stress divided by effective mean stress), dsr  is the dilatancy stress ratio, 
d𝜀𝑣
𝑝
 is the plastic volumetric strain increment, and d𝜀𝑞
𝑝
 is the plastic deviatoric strain increment. 
The contractive behavior or decrease in the void ratio is shown when ( dsr – η > 0) whereas the 
dilatant behavior or increase in the void ratio is exposed when ( dsr – η < 0). 
4.3 Model Parameter Calibration 
The input parameters used for I-soil constitutive model are the mass density, effective mean 
pressure, shear modulus (G), bulk modulus (B), pressure dependency coefficient (b), 30 points 
piecewise shear stress (τ) – shear strain (γ) backbone curves, rate of shear-induced volumetric 
response (Ao) coefficient, and dilatancy stress ratio ( dsr ). The effective mean pressure for all 











=  (4.8) 
where σ’v is the effective vertical stress and σ’h is the effective horizontal stress. The bulk 
modulus of the soil was calculated from shear modulus with Poisson's ratio (v) of 0.32 for sand 
and 0.2 for claystone. Moreover, the relation between mean stress and the stiffness for each layer 
was taken into account by defining the pressure dependency coefficient of shear and bulk modulus 
with a suggested value of 0.5 from Richard et al. (1970). In addition, the volumetric behavior was 
determined by the scalar Ao coefficient with a value of 0.4 and dilatancy stress ratio coefficient (
dsr ) with a value of 0.51 based on Numanoglu (in progress). 
4.4 Numerical Modeling of Service Hall and Arahama Site 
Numerical simulation was utilized to evaluate the shear and volumetric response at both 
free-field and soil-structure interaction cases. The shear beam model was chosen to estimate the 
free-field site response and seismic settlement with both unidirectional and bidirectional loading 
conditions at the Service Hall location. Furthermore, the model was extended to the three-
dimensional (3-D) soil-structure interaction models for both Unit 1 Reactor Building and Unit 3 
to capture the shear response and the differential settlements between soil deposits and structures. 
4.4.1 Shear Beam Model for Service Hall Free-Field Response 
To analyze the free-field case, the shear beam model was simulated in 1-D nonlinear site 
response analysis platform DEEPSOIL V.7.0 software (Hashash et al., 2017) and the general-
purpose-finite-element software LS-DYNA R.10.0 (LSTC, 2017). The soil layers used in the 
model consisted of 50 layers of unsaturated sands, 32 layers of saturated sands, and 70 layers of 
claystone with groundwater level was located at a depth of 45 meters. In DEEPSOIL, the soil 
column was discretized into a multi-degree-of-freedom (MDOF) lumped mass system, whereby 
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each layer was modeled as a corresponding mass, nonlinear spring, and dashpot as viscous 
damping as explained by Hashash et al. (2015). To represent the soil nonlinearity, mass and 
stiffness matrix formed at the boundary between two consecutive layers were updated at each time 
increment. In addition, the rigid type of bedrock was assigned at the base of the model and 
unidirectional ground motions (X and Y direction separately) were used in the simulation. In LS-
DYNA, the shear beam model was created by stacking 152 eight-node solid elements on top of 
each other as provided in Figure 4.6. Every node of solid elements at the perimeter location and 
the same elevation was constrained to form periodic boundaries. The nodes of at the bottom of the 
shear beam model were restrained to move on the vertical direction. Furthermore, in the horizontal 
direction, unidirectional loading (X or Y direction) and bidirectional loading (X and Y direction 
simultaneously) were assigned as prescribed acceleration at the base of the model. The number of 
cores and total running time of the shear beam model are summarized in Table 4.2. 
4.4.2 Three-Dimensional Soil-Structure Interaction (SSI) Model for Unit 1 
To estimate shear response and differential settlement of soil under and around the Unit 1 
Reactor Building, a three-dimensional (3-D) soil-structure interaction (SSI) model was conducted 
in LS-DYNA as shown in Figure 4.7. The soil and structure were modeled using eight-node solid 
elements with one integration point and the total number of elements of 247080. The soil layers 
consisted of 28 layers of dense sand and 70 layers of claystone representations. The groundwater 
level was assigned at the boundary between the dense sand and claystone layers.  
The structure had 45 meters depth of the basement, which was supported by mat 
foundation. The Reactor Building was assigned with a rigid material model with bearing pressure 
of about 566 kPa. Moreover, the periodic boundary of the model was assigned by constraining 
every perimeter node at the same elevation. At the base of the model, bidirectional ground motions 
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(X and Y direction) were applied as prescribed accelerations and the nodes at this location were 
restrained to move at Z direction. Based on Figure 4.7b, the nodes at the boundary between 
claystone and the bottom of the mat foundation were merged, which allow those objects to move 
together. On the other hand, the wall of the basement, which interacted with sand and claystone 









The number of cores and the total running time of the Unit 1 soil-structure interaction 
model are provided in Table 4.2. 
4.4.3 Three-Dimensional Soil-Structure Interaction (SSI) Model for Unit 3 
To capture the shear response and differential settlement of soil around and under Unit 3 
structures, a 3-D SSI model was also conducted in LS-DYNA for this case as shown in Figure 4.8. 
The total elements of 226257, which each was formed by eight-node solid elements with one 
integration point, were also used to model the structures and soils. Similar to the Unit 1 model, the 
soil layers consisted of 28 layers of dense sand and 70 layers of claystone with a groundwater level 
located at the top of the claystone layer. The Turbine Building had 25 meters depth of basement 
and was supported by a mat foundation, which overlying the claystone layer. In addition, the rigid 
material model was assigned to the Turbine Building with a bearing pressure of 172 kPa.  
In a similar way, the Transformer House was also modeled using rigid material with group 
piles foundation modeled using single and massive pile geometry. The connecting duct between 
the Turbine Building and Transformer House was not modeled because the settlement of this 
connector will be equal to the settlement or ground subsidence of sand deposits. Equal-degree-of-
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freedom nodal constraints were assigned to create periodic boundary conditions on each perimeter 
node at the same elevation of the model. In addition, the nodes at the base of the model were not 
allowed to move at Z direction and at this location, bidirectional ground motions (X and Y 
direction) were assigned as prescribed accelerations. Based on Figure 4.8b, the base of the Turbine 
Building basement and the top of the claystone layer will share the same nodes that allow those 
objects to settle together. In contrast, friction contact based on the formulation from Bowles (1996) 
was used to model the interface between the basement wall and the sand layers. The number of 




Tables and Figures 
Table 4.1: Assumed parameters for Darendeli (2001) modulus reduction and damping curves 





Ko 0.442 0.832 0.946 
PI (%) - - 22 
OCR 1 3 3.5 
Frequency (Hz) 1 1 1 
N 10 10 10 
 
Table 4.2: Summary of Numerical Modelling and Simulations at KKNPP 
 
Service Hall Unit 1  
(Arahama Site) 
Unit 3  
(Arahama Site) 












Motion Duration 64 seconds 64 seconds 64 seconds 
Number of Cores 4 8 8 






Figure 4.1: Friction angle and shear wave velocity profile at Service Hall (near building location) 




Figure 4.2: Friction angle and shear wave velocity profile at Arahama Site (near building location) 




Figure 4.3: Selected modulus reduction, damping, and shear stress-strain curves for numerical 




Figure 4.4: Selected modulus reduction, damping, and shear stress-strain curves for numerical 




Figure 4.5: Summary of the magnitude of shear strains generated in claystone deposits from both 

















EVALUATION OF NUMERICAL AND FIELD MEASUREMENT RESULTS 
5.1 Shear Response in the Free-Field 
Free-field accelerometers were installed at 4 selected depths at Service Hall location (SHA) 
to measure the acceleration time history, which subsequently used to estimate ground response 
such as Peak Ground Acceleration (PGA) and spectral acceleration (Sa). A set of numerical 
simulations using 1-D soil column in DEEPSOIL and shear beam model in LS-DYNA were 
utilized to analyze free-field nonlinear site response for both unidirectional and bidirectional 
loading as shown in Figure 5.1 and Figure 5.2. To better evaluate the difference between numerical 
predictions and free-field measurement, a standardization using dimensionless residual was 
calculated using equation (5.1): 









 Where X is the parameter of interest (PGA and Sa); Residual X > 0 shows an 
underestimation and Residual X < 0 indicates an overestimation. The summary of residual 
calculations for shear response at X direction is provided in Figure 5.3. From residual PGA Profile 
(see Figure 5.3a), numerical simulation results give residual from 0.025 to 0.175 (6% to 42% 
underestimation) at the surface, depth of 50.8 m, and 99.4 m. In contrast, DEEPSOIL shows 
residual of -0.1 (24% overestimation) at a depth of 50.8 m. Based on the comparison of spectral 
acceleration at four selected depths, numerical simulation results tend to underestimate the 
measured responses. The residual Sa shows a maximum difference of 0.38 (91% underestimation) 
at period between 0.01 to 0.3 s and 0.4 (96% underestimation) at period between 0.8 to 3 s whereas 
shows a difference of -0.15 to -0.3 (35 to 72% overestimation) at period between 0.3 to 0.8 s and 
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3 to 8 s (see Figure 5.3b). From the comparison at a depth of 50.8 m, the result shows the maximum 
residual of 0.5 (120% underestimation) at period between 0.04 to 2.5 s. However, at the same depth 
and low period (0.01 – 0.04 s) as shown in Figure 5.3c, DEEPSOIL shows minimum residual Sa 
of -0.4 (96% overestimation), LS-DYNA Unidirectional shows a minimum difference of -0.2 (48% 
overestimation), and LS-DYNA Bidirectional shows minimum residual of -0.3 (72% 
overestimation). Based on Figure 5.3d, the residual Sa comparison shows a maximum difference 
of 0.4 (96% underestimation) at period between 0.01 to 0.4 s and near 2 s (long period). On the 
other hand, the numerical simulation results give an overestimation at period between 0.04 to 1.5 
s with a minimum residual of -0.2 (48% difference).  
Furthermore, the residual calculation for shear response at Y direction is summarized in 
Figure 5.4. Residual comparison of PGA (Figure 5.4a) mostly underestimates the measured 
response with a maximum residual of 0.175 (42% difference). However, at a depth of 50.8 m, 
DEEPSOIL shows a slight overestimation with residual of -0.025 (6% difference) and LS-DYNA 
unidirectional gives a residual of -0.05 (12% overestimation) at a depth of 99.4 m. From Sa residual 
comparison at depth of 2.4 m, as provided in Figure 5.4b, the maximum residual of 0.4 (96% 
underestimation) and 0.6 (144% underestimation) are shown at the low to intermediate period 
(0.01 to 0.9 s) and at 2 s (long period) whereas minimum residual of -0.2 (48% overestimation) 
occurs at period higher than 2 s. At a depth of 50.8 m, the residual comparison shows a maximum 
difference of 0.35 (84% underestimation) and 0.6 (144% underestimation) at the period between 
0.04 to 0.1 s and 2 s whereas numerical simulations show minimum residual of -0.2 (48% 
overestimation) at very low (0.01 to 0.04 s) and high period (higher than 2 s) as shown in Figure 
5.4c. From Figure 5.4d, an underestimation is shown at low to intermediate period (0.01 – 0.2 s) 
with maximum residual of 0.4 (96% difference) whereas an overestimation is shown at 
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intermediate to long period (0.4 - 1.6 s) with minimum residual of -0.45 (108% difference) at depth 
of 99.4 m. Overall, computed results show a good agreement with field measurement in terms of 
acceleration time history, Sa, and PGA. The agreement proves that numerical simulations using a 
1-D site response and shear beam approach reasonably captured the free-field shear response. 
5.2 Volumetric Response in the Free-Field 
The volumetric response evaluation in the free-field case was conducted by estimating the 
settlement occurred in both dry and saturated sand deposits and the excess pore water pressure 
ratio generated in saturated sands. The numerical simulation was performed using a shear beam 
model with ground motions that were applied separately and simultaneously to evaluate the impact 
of unidirectional and bidirectional loading. The settlement results from the simulation in the free-
field case are provided in Figure 5.5 for both maximum settlement profile and settlement time 
history. As a complementary analysis, the seismic settlement was also calculated using the 
simplified procedure suggested by Tokimatsu and Seed (1987) as provided in APPENDIX B. The 
corrected SPT blow count data (N160) was used from Yee et al. (2011); the stress reduction factor 
(rd) was used based on the formulation suggested by Cetin et al. (2004) for relatively deep soil 
profile. The magnitude of settlement in the dry and saturated layer are compared to investigate the 
location where the major settlements occur.  
As shown in Figure 5.5b and Figure 5.5c, the large settlements occur within the dry sand 
profile with an increase of magnitude up to the range of 5 to 10.9 cm at the surface location. In 
contrast, based on Figure 5.5d and Figure 5.5e, the settlements in the saturated sand layer are 
considerably very small, which are in the range of 0 to 2 cm. The comparison between settlement 
magnitude in dry and saturated sand layers shows that the seismic settlement in the sand deposits 
is mostly dominated by the settlement of dry sands. Moreover, the magnitude of settlement caused 
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by bidirectional loading is relatively higher compared to the unidirectional loading acting 
separately on the X and Y direction as shown in Figure 5.5a. Therefore, the computed settlement 
of 10.9 cm caused by bidirectional loading in LS-DYNA agrees well with an observed settlement 
of 15 cm at the surface location (27% underestimation). On the other hand, the seismic settlement 
estimated using Tokimatsu and Seed (1987) procedure shows a magnitude of 22 cm, which 
relatively higher and overestimates the measured settlement (47% overestimation). 
Although there was no piezometer installed to measure excess pore water pressure, Yee et 
al. (2011) reported that liquefaction was unlikely to happen because the values of CSR calculated 
using Seed and Idriss (1971) correlation were plotted below the liquefaction triggering curves. The 







=  (5.2) 
where ru > 1 indicates liquefaction and ru < 1 indicates no liquefaction, Δu is the excess 
pore water pressure generated in the model, and σ’vi is the initial effective vertical stress of the soil. 
The excess pore water pressure ratio results from LS-DYNA are summarized in Figure 5.6a as 
maximum ru profile and Figure 5.6b to Figure 5.6d, which represents the ru time history at selected 
depths. The ru generated from unidirectional loading at X direction varies between 0.6 – 0.72 
whereas at Y direction is in the range 0.28 – 0.36. In addition, the bidirectional loading results 
show ru between 0.63 to 0.79, which are relatively greater than the unidirectional loading on both 
X and Y direction. Therefore, the numerical results show that relatively higher magnitudes of ru 
are generated at the shallower elevation with no values is equal or greater than 1, which indicate 
no liquefaction triggered in the saturated sand deposit as Yee et al. (2011) stated. 
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5.3 Shear Response at Unit 1 Reactor Building Base Mat 
An accelerometer was installed at the top of the mat foundation or the lowest floor in the 
Unit 1 Reactor Building basement. To estimate the shear response at the base mat (depth of 37 m), 
a 3-D SSI Unit 1 model with bidirectional loading was utilized as shown in Figure 4.7 and the 
analysis results were provided in Figure 5.7. The numerical simulation gives a good agreement 
with field measurement in terms of shear response in the X direction with maximum 
overestimation of 60% encountered at the period between 0.08 to 0.5 s. On the other hand, 
maximum underestimation of 35% and 60% are encountered at the low period (0.02 to 0.08 s) and 
high period (0.5 to 5 s) as shown in Figure 5.7d. Moreover, based on Figure 5.7e, the computed 
shear response gives a fine agreement with the measured response at the Y direction with a 
maximum underestimation of 75% between the period of 0.2 to 1.8 s. Overall, the numerical 
simulation shows a good performance in capturing the shear response at the bottom of the Unit 1 
Reactor Building. 
5.4 Shear Response of Unit 3 Soil Near Structures 
To investigate the impact of the Turbine Building and Transformer to the shear response 
of the surrounding sand layer, a free-field Unit 3 model was used and extended to the 3-D SSI 
model as shown in Figure 4.8. Subsequently, the shear response of the free-field results was 
compared to the sand deposit near structures results at the ground surface and depth of 10 m 
locations as provided in Figure 5.8. At a depth of 10 m, the result on Y direction (Figure 5.8i) 
shows a similar response compared to the free-field result. On the other hand, the result in the X 
direction at the same depth (Figure 5.8h) gives a 50% higher response compared to the free-field 
result between the period of 0.3 to 0.5 s. At the ground surface elevation, the shear response of 
sand deposit near structures on Y direction shows 2.5 to 4 times greater response compared to the 
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free-field condition between the period of 0.2 to 0.4 s (Figure 5.8g). In addition, similar behavior 
is shown in the X direction where the shear response shows a maximum increase up to 2.5 times 
between the period of 0.01 to 0.8 s as shown in Figure 5.8f. Therefore, the structures give a 
significant impact on the adjacent sand deposit in term of shear response, which cannot be 
represented by the free-field analysis.  
5.5 Differential Settlement Between Soil and Structures 
To estimate the differential settlements between the soil deposit under and around 
structures, both the 3-D SSI model of Unit 1 and Unit 3 were simulated using bidirectional ground 
motions. Based on observed settlements reported by Sakai et al. (2009), the sand deposits subsided 
at the range between 20 to 25 cm at Unit 1 location and 10 to 30 cm at Unit 3 location whereas the 
settlements of the structures were considered negligible. The computed settlement results of the 
Unit 1 model are shown in Figure 5.9. Based on Figure 5.9b, the seismic settlement of the sand 
deposits computed from the simulation is 18 cm, which gives a fine agreement with the range of 
total settlements measured on the field. Moreover, the simulation also agrees well with the 
observation, which shows a negligible amount of settlement occurred in the Reactor Building as 
shown in Figure 5.9c. Therefore, the differential settlement between sand deposits and Unit 1 
Reactor Building confirmed the reason for broken water pipes around the reactor that caused a 
flood in the basement.  
In similar results with the Unit 1 SSI model, the settlement estimation of the sand deposits 
adjacent to Unit 3 Turbine Building and Transformer House is also around 18 cm, which gives a 
fine agreement with the range of observed settlements as shown in Figure 5.10b. In addition, the 
numerical simulation estimates a negligible amount of settlement occurred in the Turbine Building 
(Figure 5.10c) and Transformer House for both locations at the top and bottom of group pile 
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foundations as provided in Figure 5.10d and Figure 5.10e. The vertical displacement of the duct 
connecting the Turbine Building and Transformer House is represented by the settlement of sand 
deposits between those structures because the duct is only supported by a relatively small and 
shallow foundation sitting on the top of the sand deposit. Therefore, the differential settlement of 
18 cm between claystone deposits under the structures and sand deposits around the structures 
confirmed the oil leakage problem, which led to the fire occurs on the field. Overall, the computed 
settlements give a fine agreement with measured settlements, which proves that numerical 






Figure 5.1: Free-field shear response results on X direction for a) PGA profile; acceleration of b) 
depth of 2.4 m; c) depth of 50.8 m; d) depth of 99.4 m; e) depth of 250 m; spectral acceleration of 




Figure 5.2: Free-field shear response results on Y direction for a) PGA profile; acceleration at b) 
depth of 2.4 m; c) depth of 50.8 m; d) depth of 99.4 m; e) depth of 250 m; spectral acceleration at 




Figure 5.3: Free-field residual on X direction for a) PGA profile; spectral acceleration at b) depth 




Figure 5.4: Free-field residual on Y direction for a) PGA profile; spectral acceleration at b) depth 




Figure 5.5: Free-field total settlement profile (left row) and settlement time history (right row)  
[Claystone Layer]




Figure 5.6: Computed maximum excess pore water pressure ratio (ru) profile (left row) and ru time 





Figure 5.7: Comparison of computed and measured spectral acceleration at the base mat of Unit 1 

















Figure 5.8: Influence of the presence of the structures to the shear response of the dry dense sand 









































   

























   
Figure 5.11: Summary of comparison between computed and measured settlements for both free-





SUMMARY, CONCLUSION, AND FUTURE WORKS 
6.1 Summary and Conclusion 
This study utilized three-dimensional, soil-porewater pressure coupled nonlinear finite 
element modeling to estimate the shear and volumetric response of soils at the Service Hall free-
field site and the Arahama Site, where the reactor building, turbine building, and transformer house 
are located. The comparison between computed and measured shear response in the Service Hall 
free-field case showed that the numerical simulations captured the shear response in each direction 
and depth. In addition, the significant magnitude of settlements was induced in dry loose sand 
deposits, and multi-directional modeling of base excitation better captured these settlements 
compared to unidirectional counterparts.  
To evaluate the seismic response of soil deposits under and around the structures, the 
simulations were extended from the free-field model to the three-dimensional soil-structure 
interaction models at the Arahama Site. The soil-structure interaction models successfully captured 
the measured response spectra at the base of Unit 1 reactor building and the surface response 
around Unit 3 turbine building, which was significantly greater than the surface response 
calculated from the simplified free-field simulations. Computed seismic settlements at the ground 
surface adjacent to the reactor, turbine building, and transformer house were consistent with field 
observations of ground subsidence, whereas the settlements of the structures themselves were 
negligible. In conclusion, these results demonstrate that the developed three-dimensional 
simulations of seismic soil-structure interaction provide reliable estimates of the potential effects 
of differential settlements which cannot be represented using free-field simplifications. 
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6.2 Future Works 
There are some possible and interesting future works as the continuation of the study of 
the Kashiwazaki-Kariwa Nuclear Power Plant site. The bidirectional loading used in the numerical 
simulations can be expanded to the multidirectional loading simulation, which incorporates the 
vertical component of ground motion. As stated by Pyke et al. (1975) and Yee et al. (2011), the 
magnitude of the seismic settlement will increase by about 20% to 50% for vertical accelerations 
between 0.15 to 0.3 g. By adding this vertical component to the simulation, the estimation of the 
seismic settlement will better capture the observed settlement in the free-field site. Furthermore, 
the soil-structure interaction model can be extended to the soil-structure-fluid interaction model to 
simulate the radioactive leakage that occurred in the Unit 6 Reactor Building at Ominato Site. 
Tokimatsu (2008) reported that the radioactive leakage problem was caused by the splashed water 
from the spent fuel pool, which carried the radioactive material and flowed to the sea through 
wastewater tank and outlet due to the strong shaking. By modeling the soil, more detail structure 
with spent fuel pool, and fluid, the radioactive leakage problem can be simulated and analyzed. 
The 3-D models used in this study can be extended to a larger scale to demonstrate the 
topographical effects and other geotechnical problems, such as sand boils, liquefaction, lateral 
spreadings, and landslides. Further surface and sub-surface investigation are required to provide 
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APPENDIX A: RECORDED GROUND MOTIONS DATA AT SERVICE HALL ARRAY  
 
This APPENDIX provides ground motions data which were recorded in free-field Service 
Hall Array. The recorded data included the 4 selected depths: within sand deposit at depth of 2.4 
m and 50.8 m; within claystone deposit at depth of 99.4 m and 250 m (input motions for analyses). 
Moreover, the acceleration, velocity, displacement, Arias intensity (IA), Housner intensity, spectral 





Figure A.1: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault normal (east-west) direction at a depth of 2.4 m from PEER 
















Figure A.2: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault normal (east-west) direction at a depth of 50.8 m from PEER 
















Figure A.3: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault normal (east-west) direction at a depth of 99.4 m from PEER 
















Figure A.4: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault normal (east-west) direction at a depth of 250 m from PEER 
















Figure A.5: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault parallel (north-south) direction at a depth of 2.4 m from PEER 
















Figure A.6: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault parallel (north-south) direction at a depth of 50.8 m from 
















Figure A.7: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault parallel (north-south) direction at a depth of 99.4 m from 
















Figure A.8: Recorded free-field ground motion: a) Acceleration; b) velocity; c) displacement time histories; d) Arias intensity; e) 
Housner intensity; f) spectral acceleration; and g) Fourier spectra for fault parallel (north-south) direction at a depth of 250 m from 












Service Hall Free-Field Array 
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APPENDIX B: SETTLEMENT CALCULATION USING TOKIMATSU & SEED (1987)  
 
This APPENDIX provides detail calculation of seismic settlements for both dry and 
saturated sand deposits. The simplified procedure suggested by Tokimatsu and Seed (1987) for 
clean sand was utilized for the Service Hall free-field site. 
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Table B.1: Seismic settlement calculation for dry sand deposit 
Layer  
No. 




DR σ'vo σvo σ'm Gmax amax 
rd 
γeff    
(Geff/Gmax) 
γeff 
εC,M=7.5 εC,M=6.6 2εC,M=6.6 
Settlement 




m m % kPa kPa tsf Mpa g % % % mm mm 
L1 0.5 0.25 40 4 4 0.0 33 0.4 0.997 0.00004 0.00004 0.012 0.010 0.019 -0.10 -220.19 
L2 0.5 0.75 40 13 13 0.1 35 0.4 0.991 0.00010 0.00025 0.080 0.064 0.128 -0.64 -220.10 
L3 0.5 1.25 40 22 22 0.1 36 0.4 0.984 0.00016 0.00047 0.150 0.120 0.241 -1.20 -219.46 
L4 0.5 1.75 40 31 31 0.2 38 0.4 0.975 0.00021 0.00080 0.256 0.205 0.410 -2.05 -218.25 
L5 0.5 2.25 40 40 40 0.3 40 0.4 0.966 0.00025 0.00100 0.320 0.256 0.512 -2.56 -216.20 
L6 0.5 2.75 40 49 49 0.3 42 0.4 0.955 0.00029 0.00170 0.544 0.435 0.870 -4.35 -213.64 
L7 0.5 3.25 40 58 58 0.4 44 0.4 0.943 0.00032 0.00190 0.608 0.486 0.973 -4.86 -209.29 
L8 0.5 3.75 40 67 67 0.4 45 0.4 0.929 0.00035 0.00210 0.672 0.538 1.075 -5.38 -204.43 
L9 0.5 4.25 40 75 75 0.5 47 0.4 0.914 0.00038 0.00240 0.768 0.614 1.229 -6.14 -199.05 
L10 0.5 4.75 40 84 84 0.5 49 0.4 0.897 0.00040 0.00240 0.768 0.614 1.229 -6.14 -192.91 
L11 1 5.5 40 98 98 0.6 53 0.4 0.870 0.00042 0.00250 0.800 0.640 1.280 -12.80 -186.76 
L12 1 6.5 40 115 115 0.7 57 0.4 0.828 0.00044 0.00250 0.800 0.640 1.280 -12.80 -173.96 
L13 1 7.5 40 133 133 0.8 61 0.4 0.782 0.00045 0.00250 0.800 0.640 1.280 -12.80 -161.16 
L14 1 8.5 40 151 151 0.9 65 0.4 0.735 0.00045 0.00200 0.640 0.512 1.024 -10.24 -148.36 
L15 1 9.5 40 169 169 1.1 69 0.4 0.690 0.00044 0.00150 0.480 0.384 0.768 -7.68 -138.12 
L16 1 10.5 40 186 186 1.2 72 0.4 0.647 0.00043 0.00130 0.416 0.333 0.666 -6.66 -130.44 
L17 1 11.5 40 204 204 1.3 76 0.4 0.611 0.00042 0.00120 0.384 0.307 0.614 -6.14 -123.79 
L18 1 12.5 40 222 222 1.4 80 0.4 0.580 0.00042 0.00120 0.384 0.307 0.614 -6.14 -117.64 
L19 1 13.5 40 240 240 1.5 84 0.4 0.555 0.00041 0.00100 0.320 0.256 0.512 -5.12 -111.50 
L20 1 14.5 40 257 257 1.6 88 0.4 0.536 0.00041 0.00100 0.320 0.256 0.512 -5.12 -106.38 
L21 1 15.5 40 275 275 1.7 92 0.4 0.521 0.00041 0.00090 0.288 0.230 0.461 -4.61 -101.26 
L22 1 16.5 40 293 293 1.8 95 0.4 0.510 0.00041 0.00090 0.288 0.230 0.461 -4.61 -96.65 
L23 1 17.5 40 311 311 2.0 99 0.4 0.502 0.00041 0.00080 0.256 0.205 0.410 -4.10 -92.04 
L24 1 18.5 40 328 328 2.1 103 0.4 0.496 0.00041 0.00080 0.256 0.205 0.410 -4.10 -87.95 
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Table B.1 (Cont’d): Seismic settlement calculation for dry sand deposit 
Layer  
No. 




DR σ'vo σvo σ'm Gmax amax 
rd 
γeff    
(Geff/Gmax) 
γeff 
εC,M=7.5 εC,M=6.6 2εC,M=6.6 
Settlement 




m m % kPa kPa tsf Mpa g % % % mm mm 
L25 1 19.5 40 346 346 2.2 106 0.4 0.492 0.00042 0.00080 0.256 0.205 0.410 -4.10 -83.85 
L26 1 20.5 40 364 364 2.3 110 0.4 0.488 0.00042 0.00070 0.224 0.179 0.358 -3.58 -79.76 
L27 1 21.5 40 382 382 2.4 113 0.4 0.484 0.00042 0.00070 0.224 0.179 0.358 -3.58 -76.17 
L28 1 22.5 40 399 399 2.5 117 0.4 0.479 0.00043 0.00070 0.224 0.179 0.358 -3.58 -72.59 
L29 1 23.5 40 417 417 2.6 120 0.4 0.474 0.00043 0.00070 0.224 0.179 0.358 -3.58 -69.00 
L30 1 24.5 40 435 435 2.7 124 0.4 0.470 0.00043 0.00070 0.224 0.179 0.358 -3.58 -65.42 
L31 1 25.5 40 453 453 2.8 127 0.4 0.465 0.00043 0.00070 0.224 0.179 0.358 -3.58 -61.84 
L32 1 26.5 40 470 470 3.0 130 0.4 0.461 0.00043 0.00060 0.192 0.154 0.307 -3.07 -58.25 
L33 1 27.5 40 488 488 3.1 133 0.4 0.456 0.00043 0.00060 0.192 0.154 0.307 -3.07 -55.18 
L34 1 28.5 40 506 506 3.2 136 0.4 0.451 0.00044 0.00060 0.192 0.154 0.307 -3.07 -52.11 
L35 1 29.5 40 524 524 3.3 139 0.4 0.447 0.00044 0.00060 0.192 0.154 0.307 -3.07 -49.04 
L36 1 30.5 40 541 541 3.4 142 0.4 0.442 0.00044 0.00060 0.192 0.154 0.307 -3.07 -45.96 
L37 1 31.5 40 559 559 3.5 145 0.4 0.438 0.00044 0.00060 0.192 0.154 0.307 -3.07 -42.89 
L38 1 32.5 40 577 577 3.6 148 0.4 0.433 0.00044 0.00050 0.160 0.128 0.256 -2.56 -39.82 
L39 1 33.5 40 595 595 3.7 151 0.4 0.428 0.00044 0.00050 0.160 0.128 0.256 -2.56 -37.26 
L40 1 34.5 40 612 612 3.8 154 0.4 0.424 0.00044 0.00050 0.160 0.128 0.256 -2.56 -34.70 
L41 1 35.5 40 630 630 4.0 156 0.4 0.419 0.00044 0.00050 0.160 0.128 0.256 -2.56 -32.14 
L42 1 36.5 40 648 648 4.1 159 0.4 0.415 0.00044 0.00050 0.160 0.128 0.256 -2.56 -29.58 
L43 1 37.5 40 666 666 4.2 161 0.4 0.410 0.00044 0.00050 0.160 0.128 0.256 -2.56 -27.02 
L44 1 38.5 40 683 683 4.3 164 0.4 0.405 0.00044 0.00050 0.160 0.128 0.256 -2.56 -24.46 
L45 1 39.5 40 701 701 4.4 166 0.4 0.401 0.00044 0.00050 0.160 0.128 0.256 -2.56 -21.90 
L46 1 40.5 40 719 719 4.5 168 0.4 0.396 0.00044 0.00050 0.160 0.128 0.256 -2.56 -19.34 
L47 1 41.5 40 737 737 4.6 171 0.4 0.392 0.00044 0.00050 0.160 0.128 0.256 -2.56 -16.78 
L48 1 42.5 40 754 754 4.7 173 0.4 0.387 0.00044 0.00050 0.160 0.128 0.256 -2.56 -14.22 
L49 1 43.5 40 772 772 4.9 175 0.4 0.382 0.00044 0.00050 0.160 0.128 0.256 -2.56 -11.66 
L50 1 44.5 40 790 790 5.0 177 0.4 0.378 0.00044 0.00050 0.160 0.128 0.256 -2.56 -9.10 
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DR σ'vo σvo 
(N1)60 Mw 
amax 
rd CSR[M6.6] rm CSR[M7.5] 
Volumetric 
Strain 
Settle   
ment       
per         
layer  
Settle   
ment 
Profile 
m m % kPa kPa g % mm mm 
L51 1 45.5 40 802.7 807.6 50 6.6 0.4 0.373 0.098 1.17 0.084 0 0.00 -6.54 
L52 1 46.5 40 810.7 825.4 50 6.6 0.4 0.369 0.098 1.17 0.084 0 0.00 -6.54 
L53 1 47.5 40 818.6 843.1 50 6.6 0.4 0.364 0.097 1.17 0.083 0 0.00 -6.54 
L54 1 48.5 40 826.5 860.9 20 6.6 0.4 0.359 0.097 1.17 0.083 0.006 -0.06 -6.54 
L55 1 49.5 40 834.5 878.6 20 6.6 0.4 0.355 0.097 1.17 0.083 0.006 -0.06 -6.48 
L56 1 50.5 40 842.4 896.4 20 6.6 0.4 0.350 0.097 1.17 0.083 0.006 -0.06 -6.42 
L57 1 51.5 40 850.4 914.1 20 6.6 0.4 0.346 0.097 1.17 0.083 0.006 -0.06 -6.36 
L58 1 52.5 40 858.3 931.9 20 6.6 0.4 0.341 0.096 1.17 0.082 0.006 -0.06 -6.30 
L59 1 53.5 40 866.2 949.6 50 6.6 0.4 0.336 0.096 1.17 0.082 0 0.00 -6.24 
L60 1 54.5 40 874.2 967.4 50 6.6 0.4 0.332 0.095 1.17 0.082 0 0.00 -6.24 
L61 1 55.5 40 882.1 985.1 50 6.6 0.4 0.327 0.095 1.17 0.081 0 0.00 -6.24 
L62 1 56.5 40 890.1 1002.9 50 6.6 0.4 0.323 0.094 1.17 0.081 0 0.00 -6.24 
L63 1 57.5 40 898.0 1020.6 50 6.6 0.4 0.318 0.094 1.17 0.080 0 0.00 -6.24 
L64 1 58.5 40 905.9 1038.4 50 6.6 0.4 0.313 0.093 1.17 0.080 0 0.00 -6.24 
L65 1 59.5 40 913.9 1056.1 50 6.6 0.4 0.309 0.093 1.17 0.079 0 0.00 -6.24 
L66 1 60.5 40 921.8 1073.9 50 6.6 0.4 0.304 0.092 1.17 0.079 0 0.00 -6.24 
L67 1 61.5 40 929.8 1091.6 50 6.6 0.4 0.300 0.091 1.17 0.078 0 0.00 -6.24 
L68 1 62.5 40 937.7 1109.4 50 6.6 0.4 0.295 0.091 1.17 0.078 0 0.00 -6.24 
L69 1 63.5 40 945.6 1127.1 50 6.6 0.4 0.290 0.090 1.17 0.077 0 0.00 -6.24 
L70 1 64.5 40 953.6 1144.9 50 6.6 0.4 0.286 0.089 1.17 0.076 0 0.00 -6.24 
L71 1 65.5 40 961.5 1162.6 50 6.6 0.4 0.281 0.088 1.17 0.076 0 0.00 -6.24 
L72 1 66.5 40 969.5 1180.4 50 6.6 0.4 0.277 0.088 1.17 0.075 0 0.00 -6.24 
L73 1 67.5 40 977.4 1198.1 50 6.6 0.4 0.272 0.087 1.17 0.074 0 0.00 -6.24 
L74 1 68.5 40 985.3 1215.9 50 6.6 0.4 0.267 0.086 1.17 0.073 0 0.00 -6.24 
L75 1 69.5 40 993.3 1233.6 50 6.6 0.4 0.263 0.085 1.17 0.073 0 0.00 -6.24 
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DR σ'vo σvo 
(N1)60 Mw 
amax 
rd CSR[M6.6] rm CSR[M7.5] 
Volumetric 
Strain 
Settle   
ment       
per         
layer  
Settle   
ment 
Profile 
m m % kPa kPa g % mm mm 
L76 2 71 40 1005.2 1260.3 50 6.6 0.4 0.256 0.083 1.17 0.071 0 0.00 -6.24 
L77 2 73 40 1021.1 1295.8 9 6.6 0.4 0.247 0.081 1.17 0.070 0.075 -1.50 -6.24 
L78 2 75 40 1037.0 1331.3 9 6.6 0.4 0.237 0.079 1.17 0.068 0.075 -1.50 -4.74 
L79 2 77 40 1052.8 1366.8 9 6.6 0.4 0.228 0.077 1.17 0.066 0.075 -1.50 -3.24 
L80 2 79 40 1068.7 1402.3 9 6.6 0.4 0.219 0.075 1.17 0.064 0.075 -1.50 -1.74 
L81 2 81 40 1084.6 1437.8 18 6.6 0.4 0.210 0.072 1.17 0.062 0.006 -0.12 -0.24 
L82 2 83 40 1100.5 1473.3 18 6.6 0.4 0.201 0.070 1.17 0.060 0.006 -0.12 -0.12 
 
